Quantum logic gates must perform properly when operating on their standard input basis states, as well as when operating on complex superpositions of these states.
. The SQiSW gate is formed by coupling for one-half this time, gt=π/2, producing cosine and sine matrix elements with equal magnitudes, thus entangling the qubits. When the qubits are off resonance by an energy |∆| >> g (Fig 1b) , the off-diagonal elements in U int are small and have average amplitude ∆ g , effectively turning
off the qubit-qubit interaction.
The electrical circuit for the capacitively-coupled Josephson phase qubits 12, 13 used in this experiment is shown in Fig. 1c . Each phase qubit is a non-linear resonator built from a
Josephson inductance and an external shunting capacitance. When biased close to the critical current, the junction and its parallel loop inductance L give rise to a cubic potential whose energy eigenstates are unequally spaced. The two lowest levels are used as the qubit states 0 and 1 , with transition frequency 10 ω . This frequency can be adjusted independently for each qubit via the bias current . The phase of the microwave pulses defines the rotation axis in the x-y plane, and the pulse duration and amplitude control the rotation angle. In previous work 16 , such single-qubit gates were shown to have fidelities of 98%, limited by the energy relaxation T 1 and dephasing T 2 times, which for this device were measured to be 400 ns and 120 ns, respectively. The amplitude of the swapping oscillations decreases with detuning as expected. In We fully characterize the SQiSW gate using quantum process tomography (QPT) 3,4 .
This involves preparing the qubits in a spanning set of input basis states, operating with the gate on this set of states, and then performing complete state tomography on the output. As illustrated in Fig. 3a , we first perform quantum state tomography 15, 17 on the input state 01 , which involves measuring the state along the x, y and z Bloch sphere axes of each qubit, in nine separate experiments. We then operate on the 01 input state with SQiSW, and perform complete state tomography on the output. These measurements allow for the evaluation of the two-qubit density matrix. This entire process is repeated 16 times in total, using four distinct input states for each qubit, chosen from the set ( )
we display the density matrix resulting from this tomography for the input state
. From this complete set of measurements, we reconstruct the 16 by 16 χ matrix, whose indices correspond to the Kronecker product of the operators
In a QPT experiment 18, 19 errors arise from the entangling gate and errors in measurement. Since we are interested in the quality of the entangling gate itself, we have calibrated out errors due to measurement 14 . As described in the Supplementary Information, measurement errors arise from both a misidentification of the 0 and 1 states, and measurement crosstalk, where a measurement of 1 in one qubit increases the probability of a 1 measurement in the second qubit 14 . By performing additional calibration experiments, we are able to determine the probabilities for these errors and correct the probabilities of the 00 , 01 , 10 and 11 final states.
In Fig. 4 we show the corrected χ matrix for our SQiSW gate. In both the real and is not significantly shorter than the T 2 dephasing time of 120 ns. This is confirmed using a recent theory 21 by Kofman et al., which includes the effects of dephasing and decoherence on the SQiSW χ matrix. In particular, the elements marked with "*" and "o" in Fig. 4 22, 23 that found a dephasing mechanism local to the individual qubits.
In conclusion, we have demonstrated the universal SQiSW gate, from which the CNOT and other more complex gates can be constructed. Using quantum process tomography, we obtained a process fidelity of 65% for this gate. By analyzing the χ matrix obtained via QPT, we confirmed dephasing times obtained via separate, single-qubit Ramsey experiments and found that the correlation of dephasing between qubits is small. Finally, we showed that our implementation of the SQiSW gate has a high on/off ratio of 300, which is needed for high-fidelity entangling gates. 9. The pulse sequence for a CNOT can be written in terms of a SQiSW gate as follows: 
, generated by a π pulse about x applied to qubit B, and by π/2 pulses about x applied to both qubits A and B, respectively. 
Calibration of Measurement Errors
The measurement errors in this experiment primarily arise from two sources. Because their origin is understood and the errors vary in a predictable way with parameters and biasing, the errors can be reliably removed using calibration procedures.
The two dominant error mechanisms are measurement crosstalk and measurement fidelity. Defining the measurement probabilities AB P of qubits A and B with the column 
where ⊗ is the tensor product. We measure these fidelities by biasing only one qubit into operation, and then measuring the tunneling probabilities for the 0 state and the 1 state, with the latter produced by a microwave π-pulse optimized for the largest tunneling probability. This calibration depends on accurately producing the 1 state, which we have demonstrated can be done with 98% accuracy. The 2% error arises from T 1 energy decay, which can be measured and corrected for in the calibration.
Measurement crosstalk for two capacitively coupled Josephson phase qubits has been studied and understood in previous work 14 . The crosstalk mechanism arises from the release of energy when one qubit tunnels, which then excites the second qubit and increases its probability to tunnel. The amount of crosstalk typically increases with time delay, so that optimal performance occurs when the two qubits are measured simultaneously. For this mechanism, crosstalk contributes when one qubit state is measured as 1, causing the other qubit state, when in the 0 state, to have probability x to be excited and thus measured in the 1 state. The matrix describing measurement crosstalk for both qubits is thus A more robust method is to compare the differences in tunneling of the first qubit caused by a change in tunneling of the second. From the four measurement probabilities P 00 , P 01 , P 10 , and P 11 , we extract for each qubit independent probabilities to be in the 1 state by "tracing out" the other qubit
We measure P 1A (00) and P 1B (01) for the two cases where we prepare the initial states 00
and 01 , respectively. Using the correction matrices for X and F, we calculate 
